Transvection is a phenomenon wherein gene expression is effected by the interaction of alleles in trans and often results in partial complementation between mutant alleles.
ABSTRACT
Transvection is a phenomenon wherein gene expression is effected by the interaction of alleles in trans and often results in partial complementation between mutant alleles.
Transvection is dependent upon somatic pairing between homologous chromosome regions and is a form of interallelic complementation that does not occur at the polypeptide level. In this study we demonstrated that transvection could occur at the vestigial (vg) locus by revealing that partial complementation between two vg mutant alleles could be disrupted by changing the genomic location of the alleles through chromosome rearrangement. If chromosome rearrangements affect transvection by disrupting somatic pairing, then combining chromosome rearrangements that restore somatic pairing should restore transvection. We were able to restore partial complementation in numerous rearrangement trans-heterozygotes, thus providing substantial evidence that the observed complementation at vg results from a transvection effect. Cytological analyses revealed this transvection effect to have a large proximal critical region, a feature common to other transvection effects. In the Drosophila interphase nucleus, paired chromosome arms are separated into distinct, non-overlapping domains. We propose that if the relative position of each arm in the nucleus is determined by the centromere as a relic of chromosome positions after the last mitotic division, then a locus will be displaced to a different territory of the interphase nucleus relative to its non-rearranged homologue by any rearrangement that links that locus to a different centromere. This physical displacement in the nucleus hinders transvection by disrupting the somatic pairing of homologous chromosomes and gives rise to proximal critical regions.
INTRODUCTION
The term transvection was first introduced by LEWIS (1954) to describe his observations of the Ultrabithorax (Ubx) gene in Drosophila melanogaster, wherein complementation between certain mutant Ubx alleles could be disrupted by chromosome rearrangement.
Since Lewis' time, transvection has been shown to occur at more than a dozen loci in D.
melanogaster. There are a wide variety of transvection effects each with their own distinct properties and mechanisms of action, but for the purpose of this study the term transvection will refer to transvection effects involving interallelic complementation between mutant alleles, such as those observed at Abdominal-B (Abd-B), decapentaplegic (dpp), eyes absent (eya), Salivary glue secretion-4 (Sgs-4), Ultrabithorax (Ubx), yellow (y), white speckled (w sp ), and wings-up A (wup A) (KORGE 1981; GELBART 1982; DAVISON et al. 1985; MARTINEZ-LABORDA et al. 1992; LEISERSON et al. 1994; SIPOS et al. 1998; MORRIS et al. 1998 MORRIS et al. , 1999a ZIMMERMANN et al. 2000; MARIN et al. 2004 ).
For every transvection effect, complementation only occurs with specific pairs of mutant alleles. In many cases one mutant allele contains a structural mutation, while the other allele has a mutation in a cis-regulatory element. The cis-regulatory element is often an enhancer (for examples see DAVISON et al. 1985 , MORRIS et al. 1998 ZIMMERMANN et al. 2000) . One transvection model proposes that the functional enhancer element on the chromosome with the structural mutation acts in trans on its target promoter located on the homologous chromosome containing the cis-regulatory element (GEYER et al. 1990) .
In this study we examined a potential transvection effect at the vestigial (vg) drive ß-gal expression in the wing and haltere imaginal discs during the third larval instar (WILLIAMS et al 1994) . This minimal element acted like a true enhancer in that it drove expression in an orientation-independent manner whether it was upstream or downstream of the target promoter.
The vg 83b27 allele genetically complements many vg mutants possessing alterations in the transcription unit (WILLIAMS et al., 1990) ).
The vg 83b27 allele is a mutant that deletes a stage-specific enhancer within the second intron of vg (WILLIAMS et al., 1991) . The deletion is limited to the second intron and does not alter exons in the vg transcription unit (WILLIAMS et al. 1990 Scoring the wings and halteres of vestigial mutants: The wings and halteres were examined for each fly and these individual results were combined to produce a phenotype score for the whole group. An ordinal scoring system for individual flies was developed that would allow a wing score to be calculated. A fly was given an overall wing rank of 8 one to six based on the phenotype of its wings ( (ZAR, 1999) . Halteres were scored as being present or absent in a given individual, so for a group of flies, the haltere distribution score (H) was simply the proportion of individuals that had at least one haltere. Haltere scores from different crosses were compared using Chi-square analysis.
Creating non-complementing derivatives of vg mutants: Figure 1 
Detecting a T(2;3) containing only heterochromatic breakpoints:
To detect any translocations with two heterochromatic breakpoints (not detectable in polytene chromosomes) the crossing scheme in ASHBURNER (1989) was used. Transvectiondisrupting derivatives without visible rearrangements were tested for the presence of a T(2;3) with heterochromatic breaks using a brown (bw) ; scarlet (st) marker strain. The bw and st markers produce brown eyes and bright red eyes, respectively. In combination the two markers produce white eyes. Rearrangements of the vg 83b27 chromosome disrupt complementation: A X-ray mutagenesis screen was performed as described in Materials and Methods, in an attempt to obtain complementation-disrupting chromosome rearrangements of the vg 83b27 chromosome. A total of 19,019 males was scored in five separate mutagenesis screens, and sixty individual males carrying potential complementation-disrupting mutations were recovered. Thirty-nine of these males were successfully mated, leading to the creation of independent putative mutant lines. The thirty-nine independent derivative lines were crossed to vg 1 virgin females to determine if they carried complementation-disrupting mutations. Eighteen lines showed a significant reduction in wing score compared to the control cross (Table 4) . One line, PIIB, showed no significant reduction in wing score but showed a significant reduction in haltere score ( (Table 5 ). Twelve of these derivatives had one rearrangement breakpoint proximal to vg. Analysis of the two remaining derivatives showed line H6a to be a deletion that included the vestigial locus (thereby attributing the disruption of complementation to the deletion), while line 327c, a three-break rearrangement, had one breakpoint very near vg 83b27 making it unclear whether the rearrangement was disrupting complementation or if the breakpoint was within the vg 83b27 coding region.
The five lines lacking visible rearrangements were tested for the presence of a translocation between the second and third chromosome that contained only heterochromatic breakpoints. All five lines lacked such a translocation. Several possibilities remained as to why complementation was disrupted in these lines including: a mutation in a vg modifier, a mutation in the coding region of vg 83b27 , or a T(X:2) or T(2;4) with heterochromatic breaks. Further analysis of these lines was not performed since fourteen independent rearrangement lines were already obtained and were considered sufficient for our analysis of transvection.
Rearrangements of the vg 1 and the vg 1-7b chromosomes disrupt complementation: An attempt was also made to create non-complementing derivatives of the vg 1 chromosome, but due to viability effects there was difficulty in obtaining these derivatives. Only one non-complementing derivative of vg 1 (line B9b) was successfully recovered out of 8400 males screened. Therefore, an attempt was made to create additional derivatives starting from the vg 1-7b chromosome. The vg 1-7b line contains a small inversion that includes vg (breakpoints 49EF-50B) but this inversion has no effect on its ability to complement vg 83b27 for wing phenotype (Table 6 ) and would not interfere with our ability to recover non-complementing derivatives.
A total of 2844 males was scored in a mutagenesis screen for non-complementing (Table 6 ). The sixth line was lost before polytene analysis.
The seemingly large number of false positives in all screens (see Table 7 for a summary of all screens) was an unavoidable attribute of the mutagenesis screens and the alleles used in this study. derivatives.
Out of the twenty-five possible combinations, eleven trans-heterozygotes, involving eight independent rearrangement lines, showed significant restoration of complementation (Table 8) . Lines 805 and 84 were lethal in combination and the remaining combinations did not show significant restoration (data not shown). Table 8 . Figure 4 provides a visual representation of the proposed somatic pairing in rearrangement trans-heterozygotes in which complementation was rescued. The trans-heterozygotes in Figure 4 can be divided into four groups. In the first group, wing and haltere scores were fully restored to a level higher than the vg 83b27 / vg 1-7b control and approached levels expected for a completely non-rearranged combination of
. The second group produced full restoration for either the wing or haltere score and partial restoration for the other score. The third group showed partial restoration for both wing and halteres scores to a level expected for vg 83b27 / vg 1-7b transheterozygotes. In the last group, complementation was the weakest and only showed partial restoration for either the wing or haltere score and no rescue for the other score.
The basic trend in Figure 4 is that complementation is best restored in transheterozygote combinations where the breakpoints are on the same chromosome arm, they produce arms of similar length, and little pairing competition is expected between rearrangement products. The next best pairings are similar to the first but involve opposite arms of the third chromosome (in Figure 4 these trans-heterozygote combinations are drawn in the Rabl orientation to show how in three dimensions, close proximity between vg alleles is possible in the interphase nucleus even when the alleles reside on opposite arms of the same chromosome).
The critical region for this transvection effect can be deduced from the breakpoints in the derivatives lines that make up complementing trans-heterozygotes combinations in Table 5 . Those breakpoints range from 2Rh to 48AB, demonstrating that the critical region is any point proximal to vg. PATTAUCCI and KAUFMAN, 1991; MARTINEZ-LABORDA et al., 1992; HOPMANN et al., 1995; SOUTHWORTH and KENNISON, 2002) .
In this study we tested the z a null allele and found that it did not affect transvection at vg. The z a allele does affect transvection effects at numerous other loci, all of which involve enhancers. These loci include dpp, eya, Ubx, and y (LEWIS, 1954; WU and GELBART, 1982; GEYER et al., 1990; LEISERSON et al., 1994; CHEN et al., 2002 was coined to describe the chromosomal region in which a rearrangement breakpoint would need to occur in order to disrupt transvection. In the transvection effect studied here, the critical region encompasses the region proximal to vg. This is consistent with the proximal critical regions characterized for Ubx, dpp and eya (LEWIS 1954; GELBART 1982; LEISERSON et al. 1994) . A determining factor for the size of critical regions is linked to the presence or absence of genetic elements termed cis-factors, that suppress the ability of control elements to act in trans. Cis-factors include promoter integrity, the strength of the control element acting in trans, pairing sensitive DNA sequences, and other gene-specific factors. For example, studies have shown that cispromoter integrity supports cis-preference for enhancer-promoter interactions whereas mutations in the cis-promoter can enhance transvection (MARTINEZ-LABORDA et al. 1992; CASARES et al. 1997; SIPOS et al. 1998; GIBSON et al, 1999; MORRIS et al., 1999b , MORRIS et al. 2004 ).
There is a relationship between the strength of a trans-acting control element and the size of critical regions. In term of enhancers, strong, long-range enhancers are less sensitive to rearrangements and give rise to smaller critical regions than transvection effects involving weak, short-range enhancers. There are examples of both rearrangement-insensitive and -sensitive transvection effects at Abd-B (see DUNCAN 2002), revealing how the specific combinations of cis-factors and trans-acting regulatory elements contribute to the specific properties of a given transvection effect.
Complementation involving vg 83b27 and vg 1 involves a short-range intronic enhancer that we show to be very sensitive to chromosome rearrangement. It also has a large critical region. Critical regions for transvection effects that do not involve the trans-action of a cis-regulatory element will likely reflect the specific mechanisms behind the effect. For example, the critical region for transvection involving the brown variegated alleles will be determined by the properties of heterochromatin and position effect variegation (HENIKOFF and DRESSEN, 1989; HENIKOFF et al., 1995) .
The combination of cis-factors with cis-regulatory elements acting in trans provides insight as to why a given critical region is small or large, but it does not explain why the large critical regions for Ubx, dpp, eya, and vg only encompass the region proximal to, and not distal to, each locus. LEWIS (1954) attempted to explain the proximal nature of critical regions at Ubx by proposing a zippering model of somatic pairing. He proposed that homologous chromosomes pair in the interphase nucleus in a directional manner, beginning at the centromere, and proceeding towards the telomere.
Hence, only the regions proximal to a rearrangement breakpoint would be paired.
However, advances in the study of homologous pairing suggest that proximal loci are not the first loci to pair when compared to distal euchromatic loci (CSINK and HENIKOFF 1998; FUNG et al. 1998; GEMKOW et al. 1998; VAZQUEZ et al. 2001) . In fact, these studies suggest that somatic pairing in the Drosophila interphase nuclei proceeds through a non-directional random walk model. We propose that if homologous pairing does not proceed in a directional manner, then the organization of chromosomes in the interphase nucleus must play an important role in proximal critical regions.
There is a non-random architecture to the Drosophila interphase nucleus. In both diploid and polytene nuclei, chromosome arms occupy distinct, non-overlapping domains, or territories, in the nucleus (HILLIKER 1985; HOCHSTRASSER et al. 1986; HILLIKER and APPELS 1989) . Additionally, Drosophila interphase chromosomes are initially found in the Rabl orientation (RABL, 1885) with centromeres clustered at one end of the nucleus and the chromosome arms extending out toward the other end (HILLIKER and APPELS 1989) . Transvection-disrupting rearrangements that move one allele of a complementing pair to a different chromosome arm might disrupt transvection by isolating that allele in an improper chromosome territory, making it less likely that it will 'find' and pair with its complementing allele ( Figure 5 ). Transvection might not be an essential process in the interphase nucleus, but its study has provided valuable insights into various areas including enhancer and promoter function, somatic pairing, nuclear architecture, the structure of genes, and others. Here we have shown that transvection is likely the mechanism underlying the interallelic complementation observed with the vg 83b27 allele. This transvection effect it is not altered in z a mutant background.
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